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(57) ABSTRACT

A method for fabricating an optical modulator includes form-
ing n-type layer, a first oxide portion on a portion of the n-type
layer, and a second oxide portion on a second portion of the
n-type layer, patterning a first masking layer over the first
oxide portion, portions of a planar surface of the n-type layer,
and portions of the second oxide portion, implanting p-type
dopants in the n-type layer to form a first p-type region and a
second p-type region, removing the first masking layer, pat-
terning a second masking layer over the first oxide portion, a
portion of the first p-type region, and a portion of the n-type
layer, and implanting p-type dopants in exposed portions of
the n-type layer, exposed portions of the first p-type region,
and regions of the n-type layer and the second p-type region
disposed between the substrate and the second oxide portion.

11 Claims, 11 Drawing Sheets
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1
DOUBLE LAYER INTERLEAVED P-N DIODE
MODULATOR

DOMESTIC PRIORITY

This application is a divisional of U.S. patent application
Ser. No. 13/529,360, filed Jun. 21, 2012, the disclosure of
which is incorporated by reference herein in its entirety.

FIELD OF INVENTION

The present invention relates generally to electro-optic
modulators, and more specifically, to a double layer inter-
leaved p-n diode modulator.

DESCRIPTION OF RELATED ART

The efficiency of p-n junctions for reverse-biased silicon
electro-optic modulators is partially affected by the overlap of
the p-n junction with the guided optical mode. In this regard,
FIG. 1A illustrates a cross-sectional view of a prior art
example of a reverse-biased silicon electro-optic modulator
100. The junction area 102 is shown between the n-region 101
and the p-region 103. The junction area 102 interacts with the
optical mode 104. FIG. 1B illustrates a cross-sectional view
of another prior art example of a reverse-biased silicon elec-
tro-optic modulator 120 that includes an n-region 121, a p-re-
gion 123, and a junction area 122 that interacts with the
optical mode 124.

BRIEF SUMMARY

According to one embodiment of the present invention, a
method for fabricating an optical modulator device includes
forming n-type doped material layer on a substrate, a first
oxide portion on a portion of the n-type doped material layer,
and a second oxide portion on a second portion of the n-type
doped material layer, patterning a first masking layer over the
first oxide portion, portions of a planar surface of the n-type
doped material layer, and portions of the second oxide por-
tion, implanting p-type dopants in the n-type doped material
layer to form a first p-type doped region and a second p-type
doped region, wherein the first p-type region extends from the
planar surface of the n-type doped material layer to a first
depth in the n-type doped material layer, the second p-type
doped region extends from a second depth in the n-type doped
material layer to the substrate, removing the first masking
layer, patterning a second masking layer over the first oxide
portion, a portion of the first p-type doped region, and a
portion of the n-type doped material layer, and implanting
p-type dopants in exposed portions of the n-type doped mate-
rial layer, exposed portions of the first p-type doped region,
and regions of the n-type doped material layer and the second
p-type doped region disposed between the substrate and the
second oxide portion.

According to another embodiment of the present invention,
amethod for fabricating an optical modulator device includes
forming n-type doped material layer on a substrate, a first
oxide portion on a portion of the n-type doped material layer,
and a second oxide portion on a second portion of the n-type
doped material layer, patterning a first masking layer over the
first oxide portion, portions of a planar surface of the n-type
doped material layer, and portions of the second oxide por-
tion, implanting p-type dopants in the n-type doped material
layer to form a first p-type doped region and a second p-type
doped region, wherein the first masking layer is operative to
impinge the p-type dopants that pass through the first mask-
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ing layer such that the first p-type region extends from the
planar surface of the n-type doped material layer to a first
depth in the n-type doped material layer, the second p-type
doped region extending from a second depth in the n-type
doped material layer to the substrate, removing the first mask-
ing layer, patterning a second masking layer over the first
oxide portion, a portion of the first p-type doped region, and
a portion of the n-type doped material layer, implanting
p-type dopants, wherein the second masking layer is opera-
tive to impede the p-type dopants such that the p-type dopants
are implanted in exposed portions of the n-type doped mate-
rial layer, exposed portions of the first p-type doped region,
and regions of the n-type doped material layer and the second
p-type doped region disposed between the substrate and the
second oxide portion.

According to yet another embodiment of the present inven-
tion, a method for fabricating an optical modulator device
includes forming p-type doped material layer on a substrate,
a first oxide portion on a portion of the p-type doped material
layer, and a second oxide portion on a second portion of the
p-type doped material layer, patterning a first masking layer
over the first oxide portion, portions of a planar surface of the
p-type doped material layer, and portions of the second oxide
portion, implanting n-type dopants in the p-type doped mate-
rial layer to form a first n-type doped region and a second
n-type doped region, wherein the first n-type region extends
from the planar surface of the p-type doped material layer to
a first depth in the p-type doped material layer, the second
n-type doped region extends from a second depth in the
p-type doped material layer to the substrate, removing the
first masking layer, patterning a second masking layer over
the first oxide portion, a portion of the first n-type doped
region, and a portion of the p-type doped material layer, and
implanting n-type dopants in exposed portions of the p-type
doped material layer, exposed portions of the first n-type
doped region, and regions of the p-type doped material layer
and the second n-type doped region disposed between the
substrate and the second oxide portion.

Additional features and advantages are realized through
the techniques of the present invention. Other embodiments
and aspects of the invention are described in detail herein and
are considered a part of the claimed invention. For a better
understanding of the invention with the advantages and the
features, refer to the description and to the drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The subject matter which is regarded as the invention is
particularly pointed out and distinctly claimed in the claims at
the conclusion of the specification. The forgoing and other
features, and advantages of the invention are apparent from
the following detailed description taken in conjunction with
the accompanying drawings in which:

FIG. 1A illustrates a cross-sectional view of a prior art
example of a reverse-biased silicon electro-optic modulator.

FIG. 1B illustrates a cross-sectional view of another prior
art example of a reverse-biased silicon electro-optic modula-
tor.

FIGS. 2A-5D illustrate an exemplary method for fabricat-
ing a p-n diode feature on a substrate. In this regard:

FIG. 2A illustrates a silicon layer disposed on a substrate;

FIG. 2B, illustrates a photolithographic masking layer pat-
terned on the silicon layer;

FIG. 2C illustrates the patterning of the masking layer;

FIG. 2D illustrates an oxide material is formed in cavities;
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FIG. 2E illustrates a masking layer patterned over portions
of'the buried oxide (BOX), the oxide material, and the silicon
layer;

FIG. 2F illustrates the formation of an n-type doped region;

FIG. 3A illustrates a cross-sectional view along the line 3A
of FIG. 3C of a n-type region on a substrate;

FIG. 3B illustrates a cross-sectional view along the line 3B
of FIG. 3C;

FIG. 3C1llustrates a top view along the line 3C of FIGS. 3A
and 3B;

FIG. 3D illustrates a bottom view along the line 3D of
FIGS. 3A and 3B;

FIG. 4A illustrates a cross-sectional view along the line 4A
of FIG. 4C of a masking layer and a p-type region;

FIG. 4B illustrates a cross-sectional view along the line 4B
of FIG. 4C;

FIG. 4C1llustrates a top view along the line 4C of FIGS. 4A
and 4B;

FIG. 4D illustrates a bottom view along the line 4D of
FIGS. 4A and 4B;

FIG. 4E illustrates a detailed view of the region 4E (of FIG.
4A);

FIG. 4F illustrates a detailed view of an alternate embodi-
ment of the region 4E (of FIG. 4A);

FIG. 5A illustrates a cross-sectional view along the line 5A
of FIG. 5C of a second masking layer and the formation of
p-type regions;

FIG. 5B illustrates a cross-sectional view along the line 5B
of FIG. 5C;

FIG. 5Cillustrates a top view along the line 5C of FIGS. 5A
and 5B; and

FIG. 5D illustrates a bottom view along the line 5D of
FIGS. 5A and 5B.

FIG. 6 illustrates a perspective view of an exemplary
embodiment of a p-n diode modulator device.

FIG. 7 illustrates another perspective view of an exemplary
embodiment of a p-n diode modulator device.

FIG. 8 illustrates perspective view of an alternate exem-
plary embodiment of a p-n diode modulator device.

DETAILED DESCRIPTION

Previous reverse-biased silicon electro-optic modulators
such as the prior art examples described above in FIGS. 1A
and 1B, are limited in efficiency due to the relatively small
junction areas between the n and p regions. The methods and
resultant structures described below provide reverse-biased
silicon electro-optic modulators that have increased areas of
overlap between the optical field and the p-n junction region.

FIGS. 2A-5D illustrate an exemplary method for fabricat-
ing a p-n diode feature on a substrate. Referring to FIG. 2A, a
silicon layer 202 is disposed on a substrate that includes a
buried oxide layer (BOX) 302 that is disposed on a silicon
layer 201. In FIG. 2B, a photolithographic masking layer 204
is patterned on the silicon layer 202 and an etching process
such as, for example, reactive ion etching (RIE) is performed
to remove exposed portions of the silicon layer 202 and
expose portions of the BOX 302. In FIG. 2C, the masking
layer 204 may be patterned, or removed, and another masking
layer may be patterned on the silicon layer 202 to result in the
masking layer 208. An etching process is performed to
remove exposed portions of the silicon layer 202 and define
cavities 206. In FIG. 2D, an oxide material is formed in the
cavities 206 to result in oxide material 306a and 3065. In F1G.
2E, a masking layer 210 is patterned over portions of the BOX
302, the oxide material 3064 and 3065, and the silicon layer
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202. In FIG. 2F, an n-doped region 304 is formed by implant-
ing n-type dopants in the exposed portions of the silicon layer
202.

Referring to FIG. 3, FIG. 3A illustrates a cross-sectional
view along the line 3A (of FIG. 3C); FIG. 3B illustrates a
cross-sectional view along the line 3B (of FIG. 3C); FIG. 3C
illustrates a top view; and FIG. 3D illustrates a bottom view
along the line 3D (of FIGS. 3A and 3B). FIG. 3A illustrates
the formation of an n doped region 304 arranged on a sub-
strate 302 that may include, for example an oxide material
such as SiO, or a similar material. The n-doped region 304
may include, for example silicon that is doped with n-type
dopants using, for example, an ion implantation process. An
oxide material 3064 and 3065 that may include, for example,
Si0,, is formed over portions of the n-doped region 304.

Referring to FIG. 4, FIG. 4A illustrates a cross-sectional
view along the line 4A (of FIG. 4C); FIG. 4B illustrates a
cross-sectional view along the line 4B (of FIG. 4C); FIG. 4C
illustrates a top view; and FIG. 4D illustrates a bottom view
along the line 4D (of FIGS. 4A and 4B). F1G. 4C illustrates a
masking layer 401 that has been patterned over portions of the
n-doped region 304 and the oxide material 306a. The mask-
ing layer 401 may include any suitable masking material such
as, for example, an oxide hardmask material or an organic
masking material. The masking layer 401 may be formed
using any suitable photolithographic patterning and/or etch-
ing process. The masking layer 401 is patterned such that the
exposed oxide material 3064 on one side of the n-type doped
region 304 is obscured by the masking layer 401, as well as a
portion of the adjacent n-type doped region 304. Portions of
the n-type doped region 304 and the opposing oxide material
3065 are also obscured by the masking layer 401. The mask-
ing layer 401 is formed at a desired thickness, which is opera-
tive to affect the depth of penetration of implanted p-type type
dopants 403. In this regard, referring to FIG. 4B, a first p-type
region 402 is formed in the n-type doped region 304. The first
p-type region 402 extends in depth from the surface of the
n-type doped region 304 (obscured by the masking layer 401)
to a depth, d. FIG. 4A illustrates another portion of the first
p-type region 402, and a second p-type region 404 that is
formed below the depth d during the implantation process in
portions of the n-type region 304 that are not obscured by the
masking layer 401. The second p-type region 404 is formed
below the depth, d, since the masking layer 401 is not present
above the second p-type region 404 to reduce the penetration
the of dopant implantation.

Though the embodiments described herein include the for-
mation of p-type regions following the formation of the
n-type region 304, alternate embodiments may include the
formation of a p-type region similar to the n-type region 304
followed by the formation of an n-type regions in a similar
manner as the p-type regions. Thus, the resultant structure of
alternate embodiments may include n-type regions replaced
by p-type regions, and p-type regions replaced by n-type
regions.

FIG. 4E illustrates a detailed view of the region 4E (of FIG.
4A) in this regard, the first p-type region 402 and the second
p-type region 404 define a gap 405 with a portion of the n-type
doped region 304 disposed there between. The material used
and the thickness of the masking layer 401 along with the
parameters (e.g., type of dopants and power used) in the
implantation process affects the depth d of the first p-type
region 402 and the resultant gap 405. The gap 405 provides a
connective region in the n-type doped region 304. The n-type
dopedregion 304 has a thickness, t, defined by the surface 420
and the substrate 302. The first p-type region 402 extends
from the surface 420 of the n-type doped region 304 the depth
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d. The second p-type doped region 404 begins at a depth, d',
defined by the surface 420 and extends to the substrate 302
such that the second p-type doped region 404 has a thickness
dimension (substantially normal to the substrate 302) of t',.
The gap 405 has a dimension, n, (substantially normal to the
substrate 302) where n=t—(d+t").

FIG. 4F illustrates a detailed view of an alternate embodi-
ment of the region 4E (of FIG. 4A); where the first p-type
region 402 is formed in the n-type doped region 304 is formed
by p-type dopants 407 that are imbedded at an angle, 6,
relative to the surface 420 resulting in a portion of the first
p-type region 402 having a beveled profile corresponding to
the angle 6.

In an alternative embodiment, the first p-type region 402
and the second p-type region 404 may be formed using an
implant as shown in FIG. 4E. Following the implant, an
angled implant similar to the implant shown in FIG. 4F may
be performed using n-type dopants that are implanted using
parameters such that the n-type dopants do not appreciably
penetrate into the second p-type region 404. However, the
angled n-type dopant implant counter-dopes a portion of the
second p-type region 404 resulting in a structure similar to the
structure illustrated in FIG. 4F, which may further define the
gap 405 to a desired dimension.

Referring to FIG. 5, FIG. 5A illustrates a cross-sectional
view along the line 5A (of FIG. 5C); FIG. 5B illustrates a
cross-sectional view along the line 5B (of FIG. 5C); FI1G. 5C
illustrates a top view; and FIG. 5D illustrates a bottom view
along the line 5D (of FIGS. 5A and 5B). FIG. 5A illustrates
the patterning of a second mask layer 501 (following the
removal of the mask layer 401) over portions of the oxide
material 306a, the n-type doped region 304, and the first
p-type region 402. The second mask layer 501 may be formed
from, for example, a hardmask material or an organic material
using a suitable lithographic patterning and/or etching pro-
cess. The thickness of the second mask layer 501 (or the
materials used in the second mask layer 501) is operative to
prevent the implantation of p-type dopants 505 in regions
obscured by the second mask layer 501. Portions of the n-type
doped region 304 and the first p-type region 402 adjacent to
the oxide material 3065 remain unobscured by the second
mask layer 501 such that p-type dopants 505 may be
implanted in the unobscured regions. Thus, referring to FIG.
5A, athird p-type region 502 is formed in exposed portions of
the n-type doped region 304 (resulting in the third p-type
regions 502). The third p-type region 502 is connected to the
second p-type region 404. A p*-type doped region 504 is
formed in portions of the second p-type region 404 that are
exposed to the p-type dopants.

Referring to FIG. 5B, the unobscured portions of the first
p-type region 402 adjacent to the oxide material 3065 are
exposed to the p-type dopants 505, which results in p*-type
doped regions 506 that connect the first p-type region 402
with portions of the second p-type region 404.

FIG. 6 illustrates a perspective view of an exemplary
embodiment of a p-n diode modulator device 600. The device
600 includes a body portion 603, and an n-type contact por-
tion 602 that is connected to the n-type doped region 304. A
p-type contact portion 604 is connected to the first p-type
region 402, the second p-type region 404, the third p-type
regions 502, the p*-type doped regions 504, and the p*-type
regions 506. In operation, the optical mode propagates along
the longitudinal axis of the device 600 indicated by the arrow
601. FIG. 7 illustrates another perspective view of an exem-
plary embodiment of the p-n diode modulator device 600.

The device 600 provides increased p-n junction regions to
improve the efficiency of the p-n diode modulator device 600.
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Though the embodiments described herein include the for-
mation of p-type regions following the formation of the
n-type region 304, alternate embodiments may include the
formation of a p-type region similar to the n-type region 304
followed by the formation of an n-type regions in a similar
manner as the p-type regions. Thus, the resultant structure of
alternate embodiments may include a similar structure as the
device 600.

In this regard, FIG. 8 illustrates an alternate exemplary
embodiment of a p-n diode modulator device 800 having a
similar structure as the device 600 (of FIGS. 6 and 7)
described above, however the n-type regions and the p-type
regions have been replaced by one another. For example, the
device 800 includes p-type regions 8304 and 8602 and n-type
regions 8404, 8502, 8504, 8506, and 8604. Such a structure
may be fabricated using similar methods as described above
by exchanging the p-type dopants with n-type dopants and the
n-type dopants with p-type dopants.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises” and/or “com-
prising,” when used in this specification, specify the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one or more other features, integers, steps, operations,
element components, and/or groups thereof.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements in the claims
below are intended to include any structure, material, or act
for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaus-
tive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described in order to best explain the principles of the inven-
tion and the practical application, and to enable others of
ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated.

The diagrams depicted herein are just one example. There
may be many variations to this diagram or the steps (or
operations) described therein without departing from the
spirit of the invention. For instance, the steps may be per-
formed in a differing order or steps may be added, deleted or
modified. All of these variations are considered a part of the
claimed invention.

While the preferred embodiment to the invention had been
described, it will be understood that those skilled in the art,
both now and in the future, may make various improvements
and enhancements which fall within the scope of the claims
which follow. These claims should be construed to maintain
the proper protection for the invention first described.

What is claimed is:
1. A method for fabricating an optical modulator device,
the method comprising:
forming n-type doped material layer on a substrate, a first
oxide portion on a portion of the n-type doped material
layer, and a second oxide portion on a second portion of
the n-type doped material layer;
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patterning a first masking layer over the first oxide portion,
portions of a planar surface of the n-type doped material
layer, and portions of the second oxide portion;

implanting p-type dopants in the n-type doped material
layer to form a first p-type doped region and a second
p-type doped region, wherein the first masking layer is
operative to impinge the p-type dopants that pass
through the first masking layer such that the first p-type
region extends from the planar surface of the n-type

5

doped material layer to a first depth in the n-type doped 10

material layer, the second p-type doped region extending
from a second depth in the n-type doped material layer to
the substrate;
removing the first masking layer;
patterning a second masking layer over the first oxide
portion, a portion of the first p-type doped region, and a
portion of the n-type doped material layer; and

implanting p-type dopants, wherein the second masking
layer is operative to impede the p-type dopants such that
the p-type dopants are implanted in exposed portions of
the n-type doped material layer, exposed portions of the
first p-type doped region, and regions of the n-type
doped material layer and the second p-type doped region
disposed between the substrate and the second oxide
portion.

2. The method of claim 1, wherein the first p-type doped
region and the second p-type doped region define a gap hav-
ing a portion of the n-type doped material layer disposed
therebetween.

3. The method of claim 1, wherein the second depth is
greater than the first depth relative to the planar surface of the
n-type doped material layer.

4. The method of claim 1, wherein the implanting p-type
dopants in the n-type doped material layer to form a first
p-type doped region and a second p-type doped region
includes implanting the p-type dopants at an oblique angle
relative to the planar surface of the n-type doped material
layer.

5. The method of claim 1, wherein the first masking layer
partially defines the first p-type doped region and the second
p-type doped region.

6. The method of claim 1, further comprising, prior to
forming the n-type doped material on the substrate:

patterning a third masking layer over a silicon layer;

removing portions ofthe silicon layer to expose portions of
a buried oxide layer;

removing the third masking layer;

patterning a fourth masking layer over portions of the

silicon layer;
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removing portions of the silicon layer to define a first cavity

and a second cavity in the silicon layer;

forming a first oxide portion in the first cavity, and a second

oxide portion in the second cavity; and

implanting n-type dopants in portions of the silicon layer.

7. The method of claim 1, further comprising patterning a
fifth masking layer over portions of the first oxide portion, the
second oxide portion and the silicon layer prior to implanting
the n-type dopants in the portions of the silicon layer.

8. A method for fabricating an optical modulator device,
the method comprising:

forming p-type doped material layer on a substrate, a first

oxide portion on a portion of the p-type doped material
layer, and a second oxide portion on a second portion of
the p-type doped material layer;
patterning a first masking layer over the first oxide portion,
portions of a planar surface of the p-type doped material
layer, and portions of the second oxide portion;

implanting n-type dopants in the p-type doped material
layer to form a first n-type doped region and a second
n-type doped region, wherein the first n-type region
extends from the planar surface of the p-type doped
material layer to a first depth in the p-type doped mate-
rial layer, the second n-type doped region extends from
a second depth in the p-type doped material layer to the
substrate;
removing the first masking layer;
patterning a second masking layer over the first oxide
portion, a portion of the first n-type doped region, and a
portion of the p-type doped material layer; and

implanting n-type dopants in exposed portions of the
p-type doped material layer, exposed portions of the first
n-type doped region, and regions of the p-type doped
material layer and the second n-type doped region dis-
posed between the substrate and the second oxide por-
tion.

9. The method of claim 8, wherein the first n-type doped
region and the second n-type doped region define a gap hav-
ing a portion of the p-type doped material layer disposed
therebetween.

10. The method of claim 8, wherein the second depth is
greater than the first depth relative to the planar surface of the
p-type doped material layer.

11. The method of claim 8, wherein the implanting n-type
dopants in the p-type doped material layer to form a first
n-type doped region and a second n-type doped region
includes implanting the n-type dopants at an oblique angle
relative to the planar surface of the p-type doped material
layer.



